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Development of Intravital Intermittent
Confocal Imaging System for Studying
Langerhans Cell Turnover
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Hidde L. Ploegh3, Marianne Boes4 and Akira Takashima1
Although several studies have suggested relatively slow turnover of Langerhans cells (LCs), their actual lifespan
remains elusive. Here we report the development of a new intravital imaging system for studying LC efflux and
influx. Epidermal LCs expressing enhanced green fluorescent protein (EGFP) were visualized in anesthetized
I-Ab-EGFP knock-in mice by confocal microscopy. By overlaying two sets of EGFPþ LC images recorded in the
same microscopic fields at time 0 and 24 hours later, we identified LC subpopulations that had disappeared
from or newly emerged in the epidermis during that period. Of 410,000 LCs analyzed in this manner, an
overwhelming majority (97.870.2%) of LCs showed no significant changes in the x–y locations, whereas
1.370.1% of the LCs that were found at time 0 became undetectable 24 hours later, representing LC efflux.
Conversely, 0.970.1% of the LCs that were found at time 24 hours were not detectable at time 0, representing LC
influx. From these frequencies, we estimated the half-life of epidermal LCs to range from 53 to 78 days,
providing new insights into the immunobiology of LCs. Our intermittent imaging approach may be regarded
as a technical breakthrough enabling direct visual assessment of LC turnover in living animals.
Journal of Investigative Dermatology (2006) 126, 2452–2457. doi:10.1038/sj.jid.5700448; published online 22 June 2006
INTRODUCTION
The outermost layer of the skin contains a unique subset of
immature dendritic cells (DCs), known as Langerhans cells
(LCs) (Romani et al., 2003; Larregina and Falo, 2005).
Although LCs can be identified by their characteristic
morphology and the expression of various surface markers
of DCs, Langerin (CD207), a C-type lectin known to be
involved in Birbeck granule formation (Valladeau et al.,
2000), serves as a more specific marker of LCs. With respect to
their origin, earlier studies showed that epidermal LCs in
lethally irradiated mice were rapidly replaced by bone
marrow-derived precursors of donor origin identified by the
expression of allogeneic major histocompatibility complex
determinants (Katz et al., 1979). However, following bone
marrow transplantation from C57BL/6 CD45.1þ mice into
lethally irradiated congenic C57BL/6 CD45.2þ mice, epider-
mal LCs of host origin remained for long periods (418
months), whereas DCs in other tissues were almost completely
replaced by donor-derived DCs in 8 weeks (Merad et al.,
2002). Furthermore, parabiotic animal pairs consisting of a
CD45.1þ mouse and a CD45.2þ mouse sharing a common
blood circulation showed a complete mixing of peripheral
blood leukocytes within 10 days, whereas little mixing of
epidermal LCs was detected even after 6 months (Merad et al.,
2002). These observations suggest exceptionally slow turnover
of LCs and/or a self-renewal potential of LCs in the skin under
steady-state conditions. On the other hand, rapid replacement
of LCs by bone marrow-derived precursors is inducible by
proinflammatory stimuli, such as ultraviolet B radiation or
graft-versus-host disease (Merad et al., 2004). Several candi-
dates for such LC precursors have been identified, including a
minor population of cells in the human dermal compartment
expressing CD14, CD207, and the chemokine receptor CCR6
(Larregina et al., 2001), a CD11cþ /CCR6þ /CD207 popula-
tion in murine bone marrow-derived DC cultures (Holzmann
et al., 2004), and a Gr-1high subpopulation of circulating
monocytes in mice (Ginhoux et al., 2006).
LCs rapidly migrate from epidermis to draining lymph
nodes (LNs) in response to pathogenic stimuli, including
topical application of reactive haptens, local injection of
selected cytokines and Toll-like receptor ligands, and
microbial infection (Romani et al., 2003; Larregina and Falo,
2005). Interestingly, LCs appear to migrate to LNs even in the
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steady state. Taking advantage of the unique phenotype of
epidermal hyperpigmentation in transgenic mice expressing
the steel factor gene under the keratin 14 promoter, Hemmi
et al. (2001) demonstrated melanosome transport from
epidermis to skin-draining LNs, but not to other lymphoid
tissues. Because no transport was observed in transforming
growth factor-b1-deficient mice, which lack epidermal LCs
(Borkowski et al., 1996), these observations most likely
indicate steady-state migration of LCs carrying melanosomes.
A subset of DCs expressing the LC marker CD207 has been
identified in the skin-draining LNs, but not in mesenteric LNs,
further supporting the concept of steady-state LC migration
(Stoitzner et al., 2003, 2005; Douillard et al., 2005).
Several attempts have been made to assess the steady-state
turnover rate of LCs. In several in vivo BrdU labeling
experiments, skin-derived DC subsets in the LNs showed a
markedly prolonged half-life of 10–15 days compared to that
for other DC subsets (1–3 days) (Ruedl et al., 2000; Kamath
et al., 2002). After continuous BrdU administration for 4
weeks, very few epidermal LCs showed BrdU labeling,
suggesting even slower turnover of LCs (Merad et al.,
2002). Following conditional ablation of CD11cþ DCs,
numbers of splenic DCs recovered to the normal level within
6 days (Jung et al., 2002). In marked contrast, repopulation of
epidermal LCs occurred with much slower kinetics after
conditional depletion of CD207þ LCs, requiring 6 weeks or
longer periods for complete recovery (Bennett et al., 2005;
Kissenpfennig et al., 2005). These results document extremely
slow influx of LC precursors into the epidermis in the absence
of proinflammatory stimuli. Little information has been
available with respect to steady-state efflux of LCs, although
an immature LC population migrating spontaneously to the
LNs has been postulated to play a crucial role in the
induction and maintenance of peripheral immunological
tolerance against self-antigens and innocuous environmental
antigens (Lutz and Schuler, 2002; Steinman and Nussenz-
weig, 2002). The purpose of this study was, therefore, to
develop an experimental system for studying efflux and influx
of epidermal LCs in parallel in living animals.
RESULTS AND DISCUSSION
Development of intravital intermittent confocal imaging system
In order to visualize epidermal LCs in vivo in the absence of
tissue fixation or staining, we chose to employ I-Ab-EGFP
(enhanced green fluorescent protein) knock-in mice, in which
the endogenous major histocompatibility complex class II
I-Ab chain is replaced by an EGFP-tagged version (Boes et al.,
2002). We have recently obtained high-resolution images of
EGFPþ LCs in anesthetized I-Ab-EGFP knock-in mice using
single-photon confocal microscopy. By recording fluores-
cent images of EGFPþ LCs every 2 minutes, we subsequently
generated a series of videos showing dynamic motile
behaviors of epidermal LCs in living animals. Importantly, all
EGFPþ epidermal cells in the knock-in mice expressed a
common DC marker CD11c, verifying their cellular identity
(Nishibu et al., 2006). While performing those time-lapse
confocal imaging experiments, we developed the idea that the
same imaging system might enable us to study LC turnover.
The central hypothesis is that one should be able to
identify a minor population of LCs that have disappeared
from or newly emerged in the epidermis by comparing two
sets of static images of EGFPþ cells recorded in the same
microscopic fields, but at two different time points. Before
testing this concept, we first sought to confirm the identity
of EGFPþ epidermal cells in a more definitive manner.
Epidermal sheets prepared from the ear skin of I-Ab-EGFP
knock-in mice were stained with mAb against CD207, a
specific marker of LCs. All tested EGFPþ cells (1,218 cells in
total) were found to express CD207, validating our identifica-
tion of epidermal LCs based on EGFP fluorescent signals
(Figure 1).
We next sought to optimize the image acquisition protocol
to identify relatively rare events of LC efflux and influx. For
this purpose, we acquired static confocal images of EGFPþ
LCs in 18–20 contiguous microscopic fields, with slight
overlaps, in the ear of anesthetized I-Ab-EGFP knock-in
mice. Individual images were then assembled to generate a
montage picture showing a global view of EGFPþ LCs in
relatively large areas up to 10 mm2. Finally, we found that a
second set of images could be readily acquired in the same
location at a later time point by premarking the imaging field
with black ink spots on the ear skin.
Using the optimized protocol, we acquired static confocal
images of EGFPþ LCs in the premarked fields at two different
time points with an interval of 20 or 60 minutes. EGFP
fluorescent signals recorded in the first and second imaging
sessions were then pseudo-colored in red and green,
respectively (top two panels in Figure 2; images recorded
with a 20-minute interval are shown in Figure S1). When the
I-A Langerin I-A + Langerin
Figure 1. CD207 expression by EGFPþ epidermal cells in I-Ab-EGFP
knock-in mice. Epidermal sheets freshly prepared from the ear skin of an
I-Ab-EGFP knock-in mouse were examined for EGFP fluorescent signals
(green) and for CD207 expression (red). Two-color images are shown at two
different magnifications to demonstrate uniform expression of CD207 by all
EGFPþ cells and distinct intracellular distributions of the two molecules.
Bar¼100 mm (top panels) or 50mm (lower panels).
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two montage pictures were overlaid, the red images recorded
at time 0 were superimposable to the green images recorded
60 minutes later (bottom panel in Figure 2). Not only did
these results demonstrate the lack of apparent x–y plane
locomotion of epidermal LCs during 20- to 60-minute
periods, they also validated the use of our intermittent
confocal imaging system for studying LC efflux and influx
over a longer time span.
Estimation of steady-state lifespan of epidermal LCs
Having confirmed that one can visualize the same LC
populations at two different time points, we then employed
this imaging system for assessing the lifespan of epidermal
LCs by acquiring two sets of images with a 24-hour interval.
Most of the EGFPþ LCs recorded at time 0 (Figure 3, pseudo-
colored in red) were found to be superimposable to those
recorded 24 hours later (Figure 3, green signals). Those cells
seen in ‘‘yellow’’ most likely represent LC populations that
have remained in the same location for 24 hours. However,
not all LCs were stationary. Small numbers of the LCs
visualized at time 0 became undetectable at 24 hours,
appearing as ‘‘single-red’’ cells (indicated with arrowheads
in Figure 3 and Figures S2 and S3). Conversely, small
numbers of the LCs visualized at time 24 hours were not yet
detectable at time 0, appearing as ‘‘single-green’’ cells
(indicated with arrows in Figure 3 and Figures S2 and S3).
We consider those single-red or single-green LCs to represent
minor populations of LCs that have disappeared from or
Figure 2. Two montage images of EGFPþ LCs recorded with a 60-minute
interval. Two sets of montage pictures were generated from confocal images
recorded at time 0 (top panel, pseudo-colored in red) and 60 minutes later
(middle panel, pseudo-colored in green) in the same premarked area of the
ear of an anesthetized I-Ab-EGFP knock-in mouse. Bar¼ 200 mm. Two images
in the boxed areas are overlaid at a higher magnification in the bottom panel.
Bar¼100 mm. A pair of images recorded with a 20-minute interval is shown
in Figure S1.
Figure 3. Identification of LC efflux and influx. Two sets of montage pictures
were generated from confocal images recorded at time 0 (top left panel,
pseudo-colored in red) and 24 hours later (top right panel, pseudo-colored in
green) in the same premarked area of the ear of an anesthetized I-Ab-EGFP
knock-in mouse. Bar¼200 mm. The images in the boxed areas are shown at a
higher magnification in the bottom panels, where the overlaid images are
shown in the right panel. Bar¼ 50mm. The single-red or single-green cells are
indicated with arrowheads or arrows, respectively. Similar data sets recorded
in independent imaging experiments are shown in Figures S2 and S3.
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newly emerged in the epidermis during the 24 hours period,
respectively.
In three independent imaging experiments, all performed
with a 24 hours interval, we analyzed more than 10,000
EGFPþ epidermal LCs in total. Single-red LCs were detected
in all three experiments with the frequencies from 1.19 to
1.46% (1.3170.14%, mean7standard deviation) (Table 1).
Likewise, we observed single-green LCs in all experiments
with the frequencies of 0.83–1.0% (0.8370.09%). Based on
these LC efflux and LC influx rates observed in 24 hours, we
calculated the half-life of LCs to be 47.3-58.1 days (53.075.5
days, mean7standard deviation) based on the efflux rate or
69.1–83.5 days (77.677.6 days) based on the influx rate
(Table 1).
Comments on potential pitfalls
Is it possible that the rare single-red and single-green
cells identified above may simply be experimental artifacts
associated with image acquisition and/or data processing? In
this regard, all the 886 EGFPþ LCs analyzed with a 20-
minute interval in a quality control experiment showed
complete overlaps in their locations, without any single-red
or single-green cells detected (Figure S1). When a total of
3,300 EGFPþ LCs were examined with a 60-minute interval,
we identified only three single-red cells (0.09%) and
no single-green cells (Figure 2). Thus, it seems reasonable
to conclude that the intermittent imaging protocol allowed
us to detect rare events of LC efflux and LC influx that took
place during the 24 hours period.
Some of the LCs disappearing from the epidermis
appeared to differ morphologically from the neighboring
LCs (Figure S2). However, systematic comparison between
the single-red LC population and the neighboring yellow LC
population revealed no statistically significant differences
in terms of cell size, complexity of cell shape, or EGFP
fluorescent signal intensity (data not shown). Likewise,
the newly emerging LC (i.e., single-green) population was
indistinguishable from neighboring LCs in any of these
parameters.
Does the estimated half-life, indeed, represent LC turnover
under absolutely steady-state conditions? It should be stated
that the observed frequency for LC efflux was significantly
higher than that for LC influx. Such a difference may be
explained by natural reduction in surface LC density upon
aging of mice (Choi and Sauder, 1987; Elbe et al., 1989). It is
conceivable, however, that the equilibrium between LC
influx and efflux may have been disrupted by our experi-
mental procedures. One may consider potential impacts of
tissue damage associated with our hair removal treatment.
However, no significant change was observed in the number
of major histocompatibility complex class II-positive LCs
or the ear skin thickness measured 1, 3, 7, or 15 days after the
treatment (data not shown). Photoactivation of EGFP-tagged
major histocompatibility complex class II molecules by
single-photon excitation during the first imaging session at
time 0 may have delivered LC maturation signals, thereby
accelerating LC migration to the LNs. Unavoidable photo-
toxicity may have promoted LC apoptosis, which has been
reported to occur spontaneously in 2–3% of LCs in normal
mouse skin (Hoetzenecker et al., 2004). It remains
unclear how such baseline apoptosis may have affected our
estimation of LC turnover. LC turnover may have remained
undetectable if newly emerging LCs occupied the exact
positions that were vacated by the exiting populations. These
and other potential pitfalls should be taken into consideration
while interpreting our results.
Concluding remarks
In this study, we have developed a novel imaging system that
enables direct visual assessment of LC turnover in living
animals. By comparing two sets of images of EGFPþ LCs
recorded in the same locations at two different time points,
we identified small numbers of LCs that had disappeared
from or newly emerged in the epidermis during the 24 hours
period. Based on such frequencies for LC efflux and LC
influx, we then calculated the half-life of epidermal LCs to
range from 53 to 78 days. Our estimation is in agreement
with previous reports suggesting relatively slow turnover of
epidermal LCs compared to other DC subsets in lymphoid
tissues. In those studies, however, LC turnover was assessed
indirectly by chasing the fate of BrdU-labeled, skin-derived
DC subsets in the LNs (Ruedl et al., 2000; Kamath et al.,
Table 1. Estimation of LC efflux and influx rates
Experiment1 Efflux/influx Total number of cells2 Number of ‘‘single-red/green’’ cells3 Turnover rate (%) Half-life
1 Efflux 3,041 (time 0) 39 (single-red cells) 1.28 53.7
1 Influx 3,028 (time 24 h) 26 (single-green cells) 0.86 80.4
2 Efflux 4,327 (time 0) 63 (single-red cells) 1.46 47.3
2 Influx 4,307 (time 24 h) 43 (single-green cells) 1.00 69.1
3 Efflux 3,035 (time 0) 36 (single-red cells) 1.19 58.1
3 Influx 3,024 (time 24 h) 25 (single-green cells) 0.83 83.5
EGFP, enhanced green fluorescent protein; LC, Langerhans cell.
1Results shown in this table are from the first experiment (shown in Figure S2), the second experiment (Figure S3), and the third experiment (Figure 2).
2Total number of EGFP+ LCs examined at time 0 or time 24 h.
3The number of EGFP+ LCs that became undetectable at time 24 h (single-red cells representing LC efflux) or that were detectable only at time 24 h (single-
green cells representing LC influx).
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2002), monitoring the emergence of BrdU-labeled LCs in the
skin (Merad et al., 2002), or analyzing the kinetics of LC
recovery after conditional ablation of CD207þ LCs (Bennett
et al., 2005; Kissenpfennig et al., 2005). To the best of our
knowledge, this is the first report directly documenting LC
efflux and influx in parallel.
By recording confocal images of EGFPþ LCs in I-Ab-EGFP
knock-in mice every 2 minutes, we have recently reported
dynamic behaviors of LCs (Nishibu et al., 2006). Although
this time-lapse imaging approach was ideal for studying
motile activities occurring frequently and rapidly, we were
able to monitor only relatively small numbers of LCs (up to
100 cells) for limited periods (up to 4 hours). The intermittent
confocal imaging approach developed in the present study
has an apparent advantage for capturing a more global view
of the behavioral biology of LCs. On the other hand, the new
approach is not as useful as the time-lapse imaging approach
for studying robust behavioral responses of LCs to exogenous
stimuli. For example, not only did hapten application induce
vertical migration of LCs to underlying dermis, it also
provoked their lateral migration within the epidermal
compartment and dynamic movement of their dendrites
(Nishibu et al., 2006), making it difficult to identify the
‘‘stationary’’ population of LCs based on the x–y plane
locations and morphological features. The practical utility of
the intermittent imaging approach may be improved further
by acquiring the images using two-photon laser scanning
microscopy in the recently generated langerin-EGFP knock-in
mice, in which EGFP signals are expressed exclusively by LCs
(Bennett et al., 2005; Kissenpfennig et al., 2005). Such
modification may allow us not only to identify epidermal LCs
more definitively, but also to acquire images of EGFPþ LCs
with minimal phototoxicity and without causing potential
signaling through EGFP-tagged major histocompatibility
complex class II molecules.
LCs are generally believed to serve as major antigen
presenting cells in the skin, playing crucial roles in adaptive
immune responses against skin-relevant antigens (Romani
et al., 2003; Larregina and Falo, 2005). However, this classic
view has been challenged by recent unexpected findings that
epidermal LCs are dispensable for, or even incapable of,
initiating T-cell-mediated immunity against topically applied
haptens or skin-infecting pathogens, respectively (Allan et al.,
2003; Zhao et al., 2003; Ritter et al., 2004; Bennett et al.,
2005; Kaplan et al., 2005; Kissenpfennig et al., 2005). Thus,
bona fide functions of epidermal LCs remain to be elucidated
more vigorously under physiological and pathological con-
ditions. We believe that real-time imaging of LC behaviors
should open a new dimension for our understanding of the
immuno-biology of LCs.
MATERIALS AND METHODS
Animals
EGFPþ epidermal LCs were visualized in the ear of 8 to 10 week-old
I-Ab-EGFP knock-in mice (Boes et al., 2002). The animal experiments
were approved by the Institutional Animal Care and Use Committee at
the University of Texas Southwestern Medical Center and carried out
according to the National Institute of Health guidelines.
Epidermal whole-mount staining
Epidermal sheets were prepared from ear skin samples freshly
harvested from I-Ab-EGFP knock-in mice by EDTA treatment as
before (Nishibu et al., 2006) and stained with anti-CD207 mAb
(clone 929F3, rat IgG1), followed by Alexa Fluor 546-conjugated
anti-rat IgG (Stoitzner et al., 2003; Douillard et al., 2005).
Intravital imaging of LCs by confocal microscopy
Confocal images of EGFPþ LCs were recorded as described
previously (Nishibu et al., 2006). Briefly, I-Ab-EGFP knock-in mice
were anesthetized with intraperitoneal injection of the anesthetic
cocktail (ketamine 100 mg/kg, xylazine 10 mg/kg, and acepromazine
1 mg/kg). After removing hair from the right ear and premarking
the imaging area with four black ink dots, the mouse was placed
on an imaging stage to mount the tip of the ear, with the ventral
side down, between a slide glass and a cover glass immersed
with phosphate-buffered saline. Fluorescence images were then
acquired by a Leica TCS SP2 or Zeiss LSM 510 META confocal
microscope with excitation at 488 nm. Fluorescence signals
were detected using a  20 Leica Plan Apo or  20 Zeiss
Plan-Apochromat objective by scanning at 0.89 mm intervals in
the z-axis starting from the supra-basal keratinocyte layer (where
495% of EGFPþ LCs are found) down to a level 10–20 mm below
to include the dermo–epidermal junction. The second set of
images was obtained as above in the same premarked area at a
later time point.
Data processing
Maximum intensity projections of the x–y planes were generated
using the Leica Confocal Software package and ImageJ program
(National Institutes of Health, Bethesda, MD) for individual three-
dimensional data sets to cover a total z-axis depth of 20–30 mm. A
montage picture was then created by assembling multiple x–y plane
images recorded with partial overlaps using the Adobe Photoshop
program. Fluorescent signals recorded in the first and second
sessions were pseudo-colored in red and green, respectively. The
resulting pairs of montage pictures rarely showed precise matching
without adjustment; this problem of x–y plane image drifting, which
was mainly caused by unequal skin stretching during imaging
sessions, was corrected using the Adobe Photoshop. Frequencies (F)
of the single-red cells and the single-green cells were determined by
counting 43,000 EGFPþ LCs in each experiment, and the half
lifespan (T1/2 in days) was calculated according to the following
formula: ð1 FÞT1=2 ¼ 0:5 or T1/2¼0.6931/ln (1F). This equation
is a derivation of the basic mathematic formula to calculate the rate
for exponential growth or decay; with a frequency experimentally
determined after one measurement period, the formula estimates
the total number of periods it would take for the observed frequency
to reach 0.5. To determine whether LC efflux and/or LC influx
are accompanied by morphological changes, each single-red or
single-green cell was compared with 8–10 neighboring ‘‘yellow’’
cells within an B100mm distance for the cellular size, cell
shape, and fluorescent intensity using the Integrated Morphometry
Analysis function of the MetaMorph software (Universal Imaging,
Downington, PA).
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SUPPLEMENTARY MATERIAL
Figure S1. Two montage images of EGFPþ LCs recorded with a 20-minute
interval.
Figures S2 and S3. Identification of LC efflux and influx.
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